Electrochemical sensors are provided having improved sensitivity, stability and dirability. In accordance with preferred embodiments, such sensors comprise protec tive sheath means having at least one opening. Within the sheath and sealed thereto at the opening is a sensing body comprising metal oxide and an oxide from group IIA or IIB of the periodic table. Reference electrode means are also provided. Methods for monitoring the concentration of a species in a melt are also provided.
ELECTROCHEMICAL SENSORS AND METHODS FOR THEIR USE BACKGROUND OF THE INVENTION This invention is directed to elect Tochemical sensors
having improved sensitivity, stability and durability. This invention is also directed to methods for employ ment of such sensors, especially for the determination of oxygen concentrations in melts. Such, improved sensors are far more durable than prior sensors and are gener ally easy to manufacture. Sensors in accordance with the present invention are capable of long-term use, espe cially as oxygen sensors in steel and other melts.
The present invention is also suitable for the prepara tion of electrochemical sensors for molecular or atomic species other than oxygen. Thus, sulfur, carbon, and other electrochemically sensible species may be de tected at high temperatures in corrosive environments and in metallurgical and other melts in accordance with the practice of one or more embodiments of the present invention.
The detection of elemental and molecular species is an important aspect of numerous industrial and other procedures. For example, the detection of oxygen, sul fur, carbon and other species in metallurgical melts, in flue gasses in chemical reactors and in other high ten perature or corrosive situations is critical to the metals, utilities, chemicals, vitreous products and other indus tries. Moreover, caustic, corrosive, oxidative and other harsh conditions and environments strain the ability of sensor manufacturers to prepare electrochemical sens ing devices capable of surviving such conditions and environments while retaining the ability to perform the desired sensing duties in an accurate and reliable fashion and for reasonable periods of time.
One area presenting particularly stringent require ments for sensing devices is the field of metals purifica tion and processing. It is commonly necessary to mea sure the oxygen, sulfur, carbon and other contents of molten metals such as iron and steel. To do so, it is known to innerse electrochemical sensors in such melts. The electromotive force, EMF, generated by the sensor is then monitored and related to the activity or concentration of the atomic or molecular species of interest. Heretofore, many electrochemical sensors for the testing of such melts have demonstrated severe shortcomings including short operating lifetimes (often only a few minutes), high failure rates, poor reproduc ibility, low sensitivity and other faults.
General considerations for the development of elec trochemical sensors, especially those useful in metallur gical melts, are discussed in Worrell, "Developing New Electrochemical Sensors", Proceedings of the Sympo sium on Metal-Slag-Gas Reactions and Processes, Elec trochemical Society, Princeton, N.J., (May 1975) For many years, oxygen sensors for metallurgical melts have been constructed from zirconia, ZrO2, par tially stabilized with aliovalent materials such as cal cium oxide, CaO or magnesia, MgO. Thus, in one type of sensor a calcium oxide-stabilized zirconia solid elec trolyte pellet was welded into a quartz tube for insertion into melts. The tube was either open to a gas (such as the atmosphere) to provide a source of reference poten tial, or was provided with a solid reference electrode material such as a metal-metal oxide mixture. EMF measurement and thermocouple means were also typi cally provided as appropriate. Such electrochemical sensors, while capable of some uses in metal melts, suf fered from a lack of physical integrity leading to unreli able data, lack of reproducibility, and failure after short periods of time when placed into metallurgical service.
In the 1970's, efforts were made to develop improved solid electrolyte-based sensors, especially oxygen sen sors, for metal melts. In this regard, it was hoped to overcome the physical instability and tendency toward thermal fracture of previous sensors through stabiliza tion of the electrochemical material and improved physical processing methods for the sensor fabrication. The quartz tube was discarded and a tube formed from the electrolyte material itself employed. Partially stabi lized zirconia, ZrO2 with about 3 wt % of MgO, was 5, 112,456 3 blended together, formed into a tubular shape. com pacted, and densified through sintering. The resulting, sintered electrolyte material comprised three phases. cubic, tetragonal, and monoclinic and exhibits in proved mechanical strengths and resistance to thermal shock. The tube can be filled with a solid reference electrode material together with thermocouple and electrical lead means as desired.
The tube comprising a three-phase electrolyte can be used as an oxygen sensor in metallurgical melts and is widely used for this purpose today. While exhibiting utility for this purpose, the foregoing electrolyte--tube devices still suffer from severe shortcomings. Such devices are extremely short-lived, being capable of use on the order of only a few minutes. While after special modification some tubes can last for as long as ten min utes before usefulness is lost, such lifetime is far less than is desired and the resulting data is of poor quality. Since the partially stabilized electrolyte in a three-phase mix ture has, overall. an undesirably high electronic contri bution to the conductivity, the device is incapable of accurately sensing oxygen concentrations below about 10 parts per million. Moreover, the electromotive force developed by such cells decreases substantially with time due to a progressive short-circuit of the cell. At the same time, such tubes are relatively expensive to manu facture.
A further type of oxygen sensor proposed for use in metallurgical melts is the "needle sensor'. See, in this regard, Janke, Solid State Ionics, vol. 3. pp. 599-604 (1981) . This sensing device is fabricated through an expensive sputtering technique whereby a molybdenum wire is typically coated with sputtered chromium oxide and then overcoated with sputtered stabilized zirconia. 4,627,892, issued Dec. 9, 1986 and 4,786,374, issued Nov. 22, 1988 , each of which is incorporated herein by reference. In accordance with these improvements, zirconia-electrolyte sensors are formed using an iso static pressing technique to eliminate the then-conven tional sintering process and to avoid thermal shock problems associated with prior oxygen and other sen sors. In accordance with these developments, oxygen concentrations in melts could be measured over time periods, as long as ten hours.
In the preparation of sensors such as oxygen sensors which employ solid state electrolytes, it is known to be desirable to maximize the ionic conductivity of the electrolyte material and to minimize the electrical con ductivity thereof. Sensing electrolytes having substan tial electronic conductivity exhibit unstable results at low concentrations of oxygen when the electronic con ductivity increases. It is also desired to maximize the intimacy of contact between the electrode material and that of the reference electrode material so as to mini mize the equilibration time at the interface between the two materials. Of course, all of this must be obtained It is also highly desirable to furnish electrochemical sensors which have increased sensing lifetimes, prefera bly at least on the order of several days. Accordingly, the properties of electrochemical sensors, especially the sensing output, must remain stable for the lifetime of the sensor. While the improvements of U.S. Pat. Nos. 4,627,892 and 4,786,374 are very substantial, ten hours and more in some circumstances, further improvements are still required. Thus, it remains highly desirable to prepare electrochemical sensors, especially oxygen sen sors, for use in melts, which are accurate, are stable for extended time periods and which are, at once, not overly costly to manufacture.
The sensors in accordance with the embodiments of the present invention solve the needs which exist for such improved long-term sensors which are capable of manufacture at reasonable cost.
OBJECTS OF THE INVENTION
It is a principal object of this invention to provide electrochemical sensors, especially those for harsh envi ronments, having improved electrochemical and physi cal properties.
It is another object of this invention to provide pro cesses for the preparation of improved electrochemical SenSOIS, Another object is to provide improved methods for measuring activity or concentration of an atomic or molecular species, especially under harsh conditions or at high temperatures.
A still further object is to provide electrochemical sensors which are capable of fabrication at reasonable costs while obtaining improved performance and physi cal properties. A still further object is to secure the improved pro cessing of metals through a longer-term, more accurate and more sensitive monitoring of the content of metal lurgical melts.
Yet another object of the present invention is to pro vide improvements of electrochemical sensors gener ally by providing means for improving the physical contact between reference electrode compositions and the electrochemically sensitive species of the sensor.
These and other objects of the invention will become apparent from a review of the instant specification.
SUMMARY OF THE INVENTION
In accordance with this invention, electrochemical sensors for atomic or molecular species are constructed comprising protective sheath means having at least one opening therein. Within the protective sheath means and sealed thereto at the opening is a sensing body. The sealing at the opening is performed in such a manner that a portion of the sensing body is exposed through the opening.
The sensing body comprises a blend formed from a metal oxide and, admixed with the metal oxide, an oxide of an element from Group IIA or IIB of the periodic The electrochemical sensors of the present invention further comprise reference electrode composition in physical contact with the sensing body.
5, 112,456 5 The sensing body adjacent to the portion which is exposed through the opening in the protective sheath means is relatively thick, having a thickness of at least about 5 mm and preferably from about 6 to about 5 inn.
In accordance with preferred embodiments, the refer ence electrode composition is contained within a cavity in the sensing body itself. It is preferred that resilient means be provided for urging the reference electrode composition into intimate contact with the sensing body as to improve performance characteristics of the result ing sensors. It is also preferred that lead means be pro vided for transmitting electrical potential from the sen sor as a whole to a measurement apparatus. Oxygen 'getting composition capable of chemically reacting with oxygen is preferably also provided within the protective sheath means.
it is preferred that the sensing body have generally radial symmetry about a longitudinal access to form at least one end wall and a side wall defining a cavity. The end wall is preferably that portion of the sensing body which is adjacent to the opening in the protective sheath means to form the exposed portion of the sensing body. The cavity thus formed is ideally suited for inclu sion of the reference electrode composition.
In accordance with other preferred embodiments, the metal oxide is either zirconia, thoria, hafnia or mixtures thereof. The admixed metal oxide preferably comprises scandium. yttrium, calcium or magnesium oxide or mix tures thereof.
Preferred reference electrode composition comprises a mixture of a metal and its oxide especially chromium/-chromium oxide or molybdenum/molybdenum oxide.
The sensing body in accordance with the present invention may be porous or substantially non-porous.
Thus, certain embodiments of the present invention may benefit from the nonthermal densification proce dures taught by U.S. Pat. No. 4,027,892 which has been incorporated herein by reference, however relatively porous structures may also be employed in accordance with certain embodiments.
The invention provides methods for monitoring the concentration of a species in a melt by contacting the melt with an electrochemical sensor in accordance with the present embodiment, by measuring the chemical activity of the sensor a plurality of times and by relating said measurement of electrochemical activity to the concentration of the species in the melt.
in accordance with other preferred embodiments, electrochemical sensors are provided which are partic ularly sensitive towards oxygen concentration in melts. It is, thus, preferred to provide sensing bodies compris ing a zirconia composition. It is preferred that the zirco nia sensing body be a blend comprising zirconia ad mixed with an amount of magnesia, calcia, or yttria sufficient to render the blend ionically conductive. The amount of admixed metal oxide for inclusion in a zirco nia sensing body is preferably up to about 30% by weight of the zirconia sensing body as a whole. It is still more preferred that amounts of from 2 to about 15% by weight of the zirconia sensing body be employed. Ref erence electrode compositions preferred for use with zirconia sensing bodies for the sensing of oxygen con centration in melts include chromium/chromium diox ide and molybdenum/molybdenum dioxide.
Methods for monitoring the concentration of oxygen in a melt are also provided by contacting the melt with an electrochemical sensor for oxygen as described, mea This invention also provides improvements in elec trochemical sensors generally. Electrochemical sensors comprising a sensing body and reference electrode composition may be improved by providing resilient means as part of said sensors which are adapted for urging the reference electrode composition into inti mate physical contact with the sensing body. These improvements do not rely upon the particular chemical identity of the sensing body and the reference electrode composition but, rather, are generally applicable to all electrochemical sensing systems. It has now been found that a totally new approach to the preparation of electrochemical sensors, especially those for use in metallurgical and other melts, can pro vide such sensors having extremely long lifetimes to gether with excellent stabilities and sensitivities. Such sensors having excellent thermal shock resistance along with high ionic conductivity, low electronic conductiv ity and excellent sensitivity can now be prepared which are capable of economical manufacture. It is now possi ble for the first time to prepare electrochemical sensors, such as oxygen sensors for metallurgical melts, which are stable, sensitive, useful for long periods of time, and able to be manufactured at relatively low cost. It is also now possible to prepare such sensors which can be effectively fused. Unlike prior sensors which have been formulated with the maximum possible density, it is possible to construct sensors in accordance with the present invention which are relatively porous. Addi tionally, unlike the sensors which are described in U.S. Pat. Nos. 4,627,892 and 4,786,374, which have been incorporated herein by reference, isostatic pressing of the sensing materials is not obligatory.
Electrochemical sensors in accordance with the pres ent invention have protective sheath means covering a sensing body. The present protective sheath means, unlike prior sheath means such as aluminum, cardboard and the like which are meant to be consumed in use, are durable. Preferably, such sheaths are formed of alumina or other metal oxides which are stable in metallurgical melts and the like. The protective sheath means is pro vided with at least one opening and the sensing body is disposed within the sheath and sealed thereto in such a fashion that a portion of the sensing body is exposed through the opening in the protective sheath. The por tion of the sensing body which is adjacent the opening in the protective sheath means and which is referred to as the exposed portion of the sensing body, is relatively thick when compared to the thicknesses of prior sensing bodies of electrochemical sensors. The portion of the 5, 112,456 7 sensing body in accordance with the present invention which is adjacent to the exposed portion is at least about 5 mm in thickness and preferably up to about 15 mm in thickness.
The electrochemical sensors in accordance the pres ent invention are largely sheathed or protected form exposure to the metallurgical melts or other harsh con ditions for which they are designed by the protective sheath means. The portion of the sensing body which is exposed to the metallurgical melt or other harsh condi tions is relatively thick. having a thickness adjacent to the exposed portion of greater than about 5 mm. This combination of factors runs contrary to expectations of persons of ordinary skill in the art but leads to excep tional performance characteristics of the resulting sen sors. Thus, contrary to prior expectations, electrochem ical response times are not increased in spite of the fact that much of the surface area of the sensing body is not in contact with the metallurgical melt or other material to be sensed by virtue of the fact that it is within the protective sheath means. This is directly contrary to the efforts of prior workers who attempted to maximize the surface area of the sensing body exposed to the material to be sensed in order to improve the response time of the sensors thus designed. The present inventors have found that such maximization of surface area leads to substantial degradation of sensor performance which is contrary to long life in the sensor. It is, accordingly, highly surprising that the relatively small amount of surface area which is exposed to the metallurgical melt or other material to be sensed still permits an excellent response time in the sense was built in accordance with the embodiments of the present invention. The present invention also provides a relatively thick exposed por tion of the sensing body of the electrochemical sensors thus formed. Prior workers in the field stringently avoided such large thicknesses in the sensing bodies of their sensors since such thick structures were thought to be relatively sensitive to thermal shock. It has now been discovered, however, that the protection of most of the sensing body by the protective sheath means achieves excellent thermal shock resistance thus permitting the exposed portion of the sensing body to be relatively thick. This thickness is highly beneficial to the perfor mance of the resulting sensors because of the high resis tance to electron transport in that portion of the sensing body. The resulting benefit is that the sensors in accor dance with the present invention have extremely long life times; much longer than those found by prior work ers, lindeed it has been found that the resistance to elec tronic short circuit of the present sensors are up to 100 times greater than prior commercial sensor.
The sensors which are objects of the present inven tion are solid state electrochemical sensors for atomic and molecular species. Thus, members of the family of sensing devices which exist in the solid state and which are capable of generating an electromotive force, EMF, upon contacting the atomic or molecular species to be sensed, are objects of this invention. The present in provements were developed especially for use in the extraordinarily harsh conditions which attend metallur gical purification and processing in metallurgical melts. Exemplary of these is the processing of iron and steel.
Thus, the sensors and methods in accordance with this invention are particularly suitable to the determination of oxygen and, it is believed, carbon, sulfur and other chemical species in metallurgical melts. It is believed that the instant sensors and the related methods may also find utility in environments other than metallurgical melts such as high temperature reac tion vessels or atmospheres, flue gasses, power boilers, pollution control equipment, and a whole host of oxida tive, corrosive, high temperature, and other harsh envi ronments. It is also anticipated that sensing devices in accordance with this invention will also find utility in less harsh environments as well.
For the detection of sulfur or carbon, it is preferred to employ compositions similar to those disclosed in U.S. Pat. No. 4,428,770, incorporated herein by reference. Thus, a carbide or sulfide of an element of group lla or IIIB of the periodic table is preferably also included. Sensors in accordance with this invention comprise ionically conductive materials which are sensitive to the species to be detected. In this regard, those of ordinary skill in the art appreciate that electrochemical sensors are desired to have the greatest possible ionic conduc tivity while, at the same time, having the smallest possi ble electronic conductivity. Sensing devices having relatively large ionic conductivities coupled with rela tively small electronic conductivities are able to demon strate relatively high reliability and reproducibility in detecting the activity or concentration of the species. It is necessary to select ionically conducting materials which are suitable for the detection of the species to be detected. In most cases, such conducting materials will comprise blends comprising or preferably consisting of solid solutions having fluorite lattice structure.
For detection of oxygen in metallurgical melts, it is preferred to employ metal oxides having a fluorite crys tal structure or capable of having solid solutions with such structures such as zirconia, hafnia, thoria, ceria and lanthania. It is preferred to employ materials based upon zirconium dioxide. since that material is known to gen erate adequate EMF's in metallurgical melts and to be generally suitable as a base material for sensing devices for such employment. Mixtures may also be useful.
It is also generally understood that the metal oxides which are sensitive to the species to be sensed, i.e., which generate an EMF when in contact with such species, are seldom able to be fabricated into suitable electrochemical sensors without modification into a blend to improve the ionic conductivity. Accordingly, an oxide from group lla or IIIB of the periodic table is preferably blended with the metal oxide through admix ture in proportions sufficient to render the resulting blend ionically conductive to a degree sufficient for sensing. Such oxides for admixture may comprise cal cium, magnesium, strontium, barium, scandium, yttrium and lanthanum oxides and mixtures thereof. It is greatly preferred that the admixed oxide be included in the blends with metal oxide in proportions which permit the blends to comprise solid solutions which retain fluo rite crystal structures. In this regard, proportions which are consistent with this goal may be determined in ac cordance with the procedures of "Oxide Solid Electro lytes", Worrell, Topics in Applied Physici, Vol. 21, p. 143 et seq., Springer (1977) , which is incorporated herein by reference. In the case of zirconium oxide sensors designed for use in metallurgical melts for the detection of oxygen, it is preferred to employ metal oxides such as calcium, magnesium, yttrium, or scan dium oxide for this purpose. Yttria and calcium oxide are most preferred. Additional aliovalent materials may be useful for modification of the preferred zirconium oxide materials. Those of ordinary skill in the art will 5, 112, 456 understand that routine experimentation may be neces sary in order to identify preferred aliovalent composi tions for particular sensing systems in accordance with these embodiments.
Admixed oxide is blended with the metal oxides in an amount sufficient to improve the ionic conductivity and. preferably, also the physical stability of the result ing sensors formed therefrom. Thus, the metal oxide and admixed oxide are blended to form a blend which is useful in the subsequent formation of the electrochemi-10 cal sensors of the invention. While admixed oxide is included in an amount sufficient to improve ionic con ductivity of the resulting blend, in general, amounts of admixed oxide up to about 30% and preferably between about 2 and 25% and more preferably between about 2 15 to 15% by weight are preferred for most zirconium oxide systems.
Electrolyte blends for formation of sensing bodies can be preferably prepared from yttria-stabilized, calcia-stabilized, and magnesia-stabilized zirconia pow-20 ders. Thus, 99.9% pure zirconia powder is admixed with approximately 12 mole percent (11 wt.%) of YOs, approximately 2-3 wt.% or about 5.9 to 8.6 mol. % Mg2O. or approximately 15 mole percent (7.4 wt.%) caO for use as electrolyte materials. Other compositions 25 such as about 6-5 mole percent (5.5 to 14 wt.%) yttria zirconia and about 7-16 mole percent (3.3 to 8 wt.%) calcia-zirconia are also suitable for such electrolytes. The average particle sizes for the foregoing materials are maintained within the range of about 0.1 to about 530 microns and preferably within the range of 0.3 to about 1.5 microns. The zirconia-yi tria, zirconia-calcia, or zir conia-magnesia blend is than pre-pressed in a rubber mold at 50,000 psi using an isostatic press. The pre pressed block is then crushed to -50 mesh powder (less 3 than about 300 microns) and this coarse powder used to prepare sensing bodies. Partially-stabilized zirconia electrolytes can be similarly prepared through admix ture of magnesia, such as about 2-3 wt.%, with zirco nia. 40
The foregoing blend is preferably provided in parti cle sizes and forms which are maximally suited for the practice of this invention. Thus, it is preferred to em ploy aggregates of smaller particles of blend yielding average aggregate sizes between about 100 and 500 45 microns in the blend. For zirconium oxide oxygen sens ing systems. it is preferred to employ aggregate sizes between about 150 and about 425 microns. Other sys tems may beneficially employ differing particle size ranges, however. 50
The foregoing aggregate sizes are preferably achieved by isostatic compression of the blend. Thus, the blend is preferably isostatically compressed at a pressure in excess of about 30,000 psi to form a com pressed shape which is subsequently comminuted in a 55 conventional crushing process to yield the desired ag gregate sizes. For zirconium oxide oxygen sensors, it is preferred to undertake this pressing using pressure of about 50,000 psi. The blends are preferably sintered prior to aggregation through isostatic compression. 60 Such materials are commercially available preblended and sintered.
in accordance with one preferred embodiment of the present, the crushed aggregate is compressed into a shaped body which forms the sensing body in accor-65 dance with the invention. This formation may be conve niently performed in accordance with any of the meth ods known to persons of ordinary skill in the art. Thus, In accordance with other preferred embodiments, however, a second. isostatic compression step is per formed. Thus, the blend is formed into a sensing body under isostatic pressure preferably in excess of about 70,000 psi. For zirconium oxide oxygen sensors, iso static compression to form the sensing body preferably takes place at pressures in excess of about 75,000 and even more preferably in excess of about 80,000 psi. Compression is maintained for a period of time suffi cient to form the sensing body and to cause the same substantially to coalesce. A few minutes is generally sufficient for this purpose.
Isostatic compression can be achieved in a number of ways. Generally, an amount of the blend is encapsulated by a physically deformable matrix, such as a matrix of rubber, and caused to be subjected to pressure. By vir tue or the deformability of the deformable composition or rubber, substantially identical pressures are exerted on all portions of the compressed blend. The blend may be isostatically compressed into any number of shapes to form the sensing body of the invention. While it is convenient to provide generally cylindrical shapes free form, ovoid, rectilinear, and other shapes may also be employed.
The resulting shaped body, when fitted with appro priate sources of reference potential and EMF measur ing means, is capable of detecting the presence of spe cies such as oxygen in metallurgical melts. As will be explained more fully hereinafter, the sensing body is preferably elaborated into a more complex device in order t facilitate sensing procedures.
The sensing bodies are provided with a source of reference potential in physical contact therewith. As will be appreciated by those of ordinary skill in the art, numerous sources of reference potential for solid state electrochemical sensing devices are known. Such per sons will have no difficulty in identifying suitable mate rials for use as a source of reference potential. While it is also possible to use gaseous or liquid means for the attainment of reference potential, solid state sources are much preferred.
It is generally preferred to employ compositions com prising mixtures of a metal and a metal oxide for use as a source of reference potential in conjunction with zir conium oxide metallurgical oxygen sensors. Numerous metal-metal oxide combinations may be employed for this purpose including preferred blends based upon chromium and molybdenum. For zirconium oxide based metallurgical oxygen sensors, reference elec trodes comprising chromium-chronium oxide, or mo lybdenum oxide are preferred. It is also desirable to pre-sinter the reference composition to reduce its vol ume shrinking.
Preferred reference electrode sources are prepared from blends of molybdenum and molybdenum oxide or chromium and chronium oxide having purities of about 99.9%. If molybdenum and molybdenum oxide are used, their particle sizes are approximately -325 mesh. If chromium and chromium oxide are used, they are conveniently present in particle sizes of about 2 microns 5, 112,456 11 and 5 microns respectively. The foregoing materials are available from the Alfa Company.
Another promising reference material is a chromium Aron alloy in a two-phase region. Such alloys have fixed electrochemical potential and are conceived to be highly useful.
In accordance with preferred embodiments of the present invention, the reference electrode composition is included within the protective sheath means of the electrochemical sensors. It has been found to be conve nient to prepare the sensing body in such a fashion that it includes a cavity within it. Reference electrode mate rial can be incorporated within that cavity and sealed therein to effect intimate physical contact between the reference electrode composition and the sensing body.
Persons of ordinary skill in the art appreciate that such intimate physical contact is highly desirable.
Other preferred components of sensors in accordance with the invention are described with reference to the drawings. FIG. 1 depicts a cross-section an electrochemical sensor in accordance with a preferred embodiment of the present invention. Sensing body, 10 is disposed within and preferably, generally in contact with a pro tective sheath means. 16 having at least one opening therein. The sensing body is sealed with sealant 20 in such a fashion that a portion of the sensing body is exposed through the opening in the protective sheath. The protective sheath means is preferably a material which is impervious to conditions under which mea surement is to be obtained. Thus, for use in metallurgi cal melts and the like, alumina, porcelain or other ther momechanically strong structures are preferred. The sealant material is selected so as to be stable under the conditions to be experienced during measurement, such as metallurgical melts and the like. These sealant com positions must not exude water or oxygen and must a co-efficient of thermal expansion which is suitable to effect sealing between the protective sheath means and the sensing body. Various cements are suitable for such use including AMCO high temperature alumina ce ent.
Electrical chemical sensors of this embodiment are also provided with reference electrode material 18 in physical contact with the sensing body 10. It is pre ferred that the reference electrode material be disposed within a cavity within the sensing body as shown. It is preferred that the sensing body 10 have radial symme try about a longitudinal access. Thus, such geometry will form an end wall having a thickness, 12 and a side wall having a generally lesser thickness, 14 and prefera bly forms a cavity for inclusion of reference electrode material. The portion of the sensing body 10 which is exposed, exposed portion 17, is arranged such that the portion of the sensing body adjacent to the exposed portion has a thickness in the figure, end wall thickness 12 of at least about 5 mm and preferably between 6 and 10 mm. While the side wall thickness is less critical, it is preferred that the side wall thickness be less than the thickness of the end wall, on the order of 0.5 to 2 mm.
It is preferred that the reference electrode composition be sealed within a cavity within the sensing body. This sealing is accomplished with sealant 22 which may be either the same or different from sealant 20 but which, nonetheless, must be stable under the conditions for which sensing is desired. In order to avoid the presence of oxygen within the sensors of the present invention, it is preferred that an oxygen getter 26 be provided inte Lead means 24 is also provided to serve as an electri cal conduit for the measurement of electrical potential generated by the electrochemical reactions experienced by the sensors of the invention. The lead means may be any suitable composition but is preferably molybdenum metal. The lead is run into the reference electrode com position as shown and is maintained in intimate contact therewith. In accordance with preferred embodiments, the lead means may be crimped or shaped in order to improve such physical intimacy.
FIG. 2 is another embodiment of the present inven tion illustrating certain preferred adaptations. This em bodiment depicts slightly different arrangements of sensing body, 10, reference electrode material 18 and oxygen getter, 26 disposed within protective sheath means 16. The sensing body 10 is still sealed to sheath 16 with sealant 20 to form exposed portion 17 at an open ing in the protective sheath means. This embodiment also provides means for improving the desired intimate physical contact between reference electrode material and the sensing body. Thus, a spring 32 or other source of resilient force is provided to expert a force upon a compression rod 30 to cause the same to push upon the reference electrode material 18 causing it to have inti mate physical contact with the sensing body 10. Taken together, the spring or other source of resilient effort combined with the optional compression rod or other device for transmitting this effort to the reference elec trode composition is denominated resilient means. Once again, sealant composition 28 and lead means 24 are provided to complete the electrochemical sensor.
Not shown in the foregoing figures are the conven tional means for representing the electrochemical po tential which is established upon the contacting of sen sors in accordance with the invention with the materials to be sensed. Thus, meter, graph, computer, or other means for visualizing, displaying or determining this electrochemical potential are conventional as will be appreciated by persons of ordinary skill in the art.
It is also preferred to provide a thermocouple, prefer ably one comprising a platinum/6% rhodium vs. plati num/30% rhodium chemical combination. Such ther mocouples are conventionally available such a from the Englehard Co. of New Jersey.
In practice, the material to be sensed, usually a metal lurgical melt, is contacted with a sensor in accordance with the invention and the electrochemical potential of the sensor measured, preferably over time. The electro chemical activity is determined by the potential ex pressed from the cell through the lead means either to a meter, computer, or analyzing circuit. By relating the electrochemical potential thus determined to electro chemical potential which is experienced for a series of standards, the absolute value of the oxygen or other species concentration within the material to be sensed can be determined.
In accordance with a preferred embodiment, the oxygen concentration of a metallurgical melt, especially steel, is determined by contacting that melt with the sensor in accordance with the invention. It is preferred that a plurality of measurements be made over time for the determination of the oxygen concentration. 5, 112,456 13 In accordance with another aspect of the invention, electrochemical sensors in general are improved by providing resilient means for urging reference electrode composition into improved physical contact with a sensing body. Thus, any electrochemical sensor corn prising a sensing body means and a reference electrode composition may be so improved by providing resilient needs for urging reference electrode composition into intimate physical contact with the sensing body. This is not limited to electrochemical sensors for use in metal lurgical melts but may apply generally to the field of electrochemical sensors.
Certain preferred embodiments will be discussed in accordance with the following examples. These exam ples are intended to be illustrative only and are not to be construed as limiting.
EXAMPLE
An oxygen sensor in accordance with a preferred embodiment of the present invention was prepared from partially-stabilized zirconia. Zirconia powder (99.9% pure) was mixed with 2.8 wt.% of magnesium dioxide powder. The blend comprises particle sizes of between about 0.2 to 0.8 microns. The blend is pressed at a pres sure of about 50,000 psi and crushed to -50 mesh pow der (less than about 300 microns). A shaped sensing body having the form of a test tube with a thick end was formed by an injection molding. The sensing body had a side wall thickness of about 0.5 mm and an end wall thickness of about 10 mm. Its overall diameter was 6 mm and the length was 35 mm. It was formed with a cavity generally as shown in FIG. 1 . The cavity dimen sions were diameter 5 mm and length 25 mm.
The sensing body thus formed was provided with a protective sheath which was a sintered alumina tube made by slurry casting. The sheath had an end opening generally as shown in FIG. 1. The sheath was sized to fit snugly about the sensing body, extending beyond its cavity-bearing end. The wall thickness of the sheath was about 1 mm and its end opening had an inner diame ter of 6.5 mm.
The reference electrode composition of molybdenum and molybdenum oxide (-325 mesh) blended from materials conveniently obtained from the Alfa com pany, along with a crinkled molybdenum lead were pressed tightly into the cavities of similar sensing bodies and sealed into place with high temperature alumina cement (AMCO). The sensing body containing the reference electrode composition was then sealed to the protective alumina sheath about the opening in the sheath with more of the high temperature alumina ce net.
Molybdenum powder for oxygen getting, was then pressed into the space remaining within the protective sheath and the sheath sealed about the molybdenum lead. The resulting sensors were highly suitable for determining the oxygen concentration in metallurgical melts, especially molten iron.
EXAMPLE 2
A sensor in accordance with Example 1 was fabri cated except that the reference electrode composition was chromium/chromium oxide blended powder, 2-5 microns, prepared from components obtained from the Alfa company.
The sensors prepared in Examples l and 2 were com pared with commercially-available oxygen sensors de signed for use in molten metals. Tube type sensors, from The sensors of Examples 1 and 2 were compared to the foregoing commercial sensors in metal melts at oxygen concentrations of about 2 to about 50 ppm.
Pure iron was used for testing. The metal was put into an alumina crucible about 30 millimeters in diameter and 60 millimeters high. The iron was melted in a puri fied argon atmosphere. At a temperature of about 1550 C., the oxygen sensor was inserted into the molten melt for testing. The electromotive force generated by the interaction of the sensor with the melt was measured by a Keithley 177 microvolt DMN meter interfaced with a data collection computer. For long term oxygen sensing tests, the electromotive force was read every minute. For tests of expendable oxygen sensors the electromo tive force was read continuously. When employing a chronium-chromium oxide reference electrode, the reference electrode lead was connected to the negative pole of the volt meter. The reference electrode lead was connected to the positive pole of the volt meter for oxygen sensors employing molybdenum-molybdenum oxide reference electrodes.
FIGS. 3 and 4 depict the long-term stability of the sensor of Example 1 and Example 2 respectively. The data points shown for the short term commercial sen sors convey the excellent agreement between the sen sors of this invention and the short term sensors used commercially. EXAMPLE 4 It is expected that even better performance will be obtained through use of fully stabilized zirconia in place of the partially stabilized zirconia used in Examples 1 and 2. Thus, similar sensors may be prepared employing
